Background: Platelet autoantibody detection is critical for immune thrombocytopenia (ITP) diagnosis and prognosis. Therefore, we aimed to establish a quantitative flow cytometric immunobead assay (FCIA) for ITP platelet autoantibodies evaluation.
Background
Immune thrombocytopenia (ITP) is an autoimmune disease characterized by reduced platelet counts (< 100 × 10 9 /L) and an increased risk of bleeding [1] . The pathophysiology underlying ITP is not completely understood. To date, several disease mechanisms have been proposed, including autoantibodies and cytotoxic T cells that target platelets and/or megakaryocytes. It has been shown that autoantibodies targeting surface glycoproteins on platelets and/or megakaryocytes account for more than half of ITP patients [2] [3] [4] , and altering platelet clearance or inhibiting platelet production could be exerted by different types of antibodies in individual ITP patient [5] . The importance of platelet autoantibodies is self-evident in these ITP patients. Most recently, it was reported that the type and persistence of platelet autoantibodies are associated with refractoriness to rituximab or disease severity [6] [7] [8] . Based on these findings, detection of presence and quantification of platelet autoantibodies may be helpful in ITP prognosis or personalized treatment.
Currently, several methods have been developed for platelet autoantibody detection, including enzymelinked immunosorbent assay (ELISA)-based monoclonal antibody immobilization of platelet antigen (MAIPA) assay and immunobead-based radioimmune assay (RIA) [9] [10] [11] [12] . However, procedures in these assays are cumbersome and time-consuming for multiple antibodies detection, which hampers the wide use of these assays in most hospital laboratories [13] . Flow cytometric immunobead array (FCIA) is a recently developed technique, in which flow cytometry can detect multiple kinds of antibody-coated polystyrene microbeads that bind to several specific antigens [14, 15] . Compared with previous MAIPA-and RIA-based assays, this FCIA assay is more rapid and simpler for multiple antibodies detection, which can be used in hospital settings to improve ITP diagnosis [16, 17] . However, lacking of quantitative property of this assay could result in high variations and failure to compare data from different sources, such as various disease courses or before and after treatment.
In this study, we developed a novel quantitative FCIA assay, which is suitable for quantitative measurement of platelet autoantibodies in ITP patients. Our results showed that this new quantitative FCIA assay can be used for ITP diagnosis. More importantly, our assay allows monitoring platelet autoantibody level changes in ITP patients before and after corticosteroid treatment, providing important information regarding patient responses and disease prognosis.
Methods

Study design and subjects
This was a case-control study. A total of 250 consecutive ITP patients, 163 non-ITP patients and 243 healthy controls from the First Affiliated Hospital of Soochow University between June 2012 and October 2016 were included in this study. ITP diagnosis was based on the guideline of American Society of Hematology [18] . All the cases were divided into 3 sets. Test set 1 was used to evaluate quantitative FCIA assay and its comparison with qualitative FCIA assay, including 201 ITP patients and 126 non-ITP patients presented with thrombocytopenia (including 66 leukemia; 20 aplastic anemia; 10 lymphoma; 9 myelodysplasia syndrome; 9 solid tumors after chemotherapy; 9 liver cirrhosis and 3 multiple myeloma), and 207 healthy individuals. Based on disease duration, the ITP patients were further classified into three subgroups, i.e. newly-diagnosed (< 3 months of diagnosis), persistent (3-12 months) and chronic (duration of ≥ 12 months) [19] . Test set 2 was used for comparison of platelet autoantibodies detection between quantitative FCIA and MAIPA assay, including 41 ITP patients, 37 non-ITP patients and 36 healthy controls. A pilot set was used to evaluate the change of platelet autoantibody levels before and after treatment, including 8 newlydiagnosed ITP patients (n = 8; 3 males and 5 females). Among them, 7 were treated with corticosteroids and one with corticosteroids and azathioprine. Levels of plasma platelet autoantibodies were measured before and 1 month after the treatment. Blood platelet counts in ITP and non-ITP patients were < 100 × 10 9 /L, whereas platelet counts in healthy controls were > 100 × 10 9 /L. The characteristics of all included subjects were shown in Table 1 . All the included patients did not receive any medical treatment for at least 1 month before sampling.
Sample preparation
Peripheral venous blood samples were collected into tubes containing EDTA as an anticoagulant. Plasma was separated by centrifugation, 3000 rpm for 10 min at room temperature, and stored at − 80 °C until further use. Normal platelets from healthy volunteers were isolated from peripheral blood and washed as described previously [17] . Plasma (100 µL) from patients or control subjects was incubated with 100 μL of normal washed platelets (1 × 10 9 /mL) at room temperature for 1 h. This allowed autoantibodies in plasma to bind to antigens on normal platelets. After 3 washes with phosphate-buffered saline (PBS) containing 0.05% EDTA, platelets were lysed in PBS containing 1% Triton X-100. The platelet lysate was Page 3 of 12 Zhai et al. J Transl Med (2017) 15:214 centrifuged at 3000g for 20 min at 4 °C. The supernatant containing platelet protein and autoantibody complexes was used for assay analysis.
Antibodies and microbeads
A goat anti-human IgG polyclonal antibody and humanIgG were purchased from Solarbio (Beijing, China). Monoclonal antibodies against human platelet glycoproteins GPIX (SZ1), GPIb (SZ2), GPIIIa (SZ21), GPIIb (SZ22) and P-selectin (SZ51) were generated in our laboratory, as described previously [11, [20] [21] [22] [23] [24] . A fluorescein isothiocyanate (FITC)-conjugated goat anti-human IgG (FITC-GAH) and a goat anti-mouse IgG (FITC-GAM) antibodies were purchased from Beckman Coulter (CA, USA). A FITC-labeled rabbit anti-goat IgG (FITC-RAG) was from Abcam (Cambridge, UK). Polystyrene microbeads (4 μm in diameter) with 8 different fluorescent intensities were obtained from Spherotech (Libertyville, IL, USA).
Antibody coupling to microbeads
In this study, two sets of microbeads were prepared: one set with 6 different fluorescent intensities coupled to GAH for quantitative standard curves; another set with 5 different fluorescent intensities coupled to the monoclonal antibodies against human platelet glycoproteins GPIX (SZ1), GPIb (SZ2), GPIIIa (SZ21), GPIIb (SZ22) and P-selectin (SZ51) for autoantibodies detection. The coupling of the antibodies to the microbeads was carried out according to the manufacturer's instructions. Briefly, a standard checkerboard titration method was used to determine the optimal antibody concentration for microbeads coupling. Then, microbeads were incubated overnight with the GAH antibody (30 μg/ mL) or the monoclonal antibodies against platelet glycoproteins (50 μg/mL) at 4 °C in a sodium acetate buffer (0.1 M; pH 6.0), followed by 2 h incubation at room temperature with 2% bovine serum albumin (BSA) to block non-specific binding sites. The antibody-coupled microbeads were washed 3 times with a 0.05% Tween-PBS buffer and stored at 4 °C in a PBS buffer containing 0.02% sodium azide and 0.05% BSA. The stability of stored antibody-coupled microbeads was assessed over a 5-month time period.
Quantitative FCIA
GAH-coupled microbeads with 6 different fluorescent intensities were incubated separately with 6 different concentrations of human IgG (20, 80, 160 , 320, 640 and 1280 ng/mL) on a gentle shaker at room temperature. After 1 h, the microbeads were washed with a 0.05% Tween-PBS buffer and incubated with a FITC-GAH antibody. The microbeads were used for mean fluorescent intensity (MFI) evaluation by flow cytometry (CyAn ™ ADP Analyzer, Beckman-Coulter, CA, USA). A standard curve was calculated based on the MFI of each type of GAH-coupled microbeads and corresponding concentrations of human IgG (Fig. 2a, b) . Quantitative FCIA was carried out in parallel with the GAH for the standard curve and monoclonal antibodies against platelet glycoproteins GPIX (SZ1), GPIb (SZ2), GPIIb (SZ22), GPIIIa (SZ21) and P-selectin (SZ51) for platelet autoantibody detection. Fifty microliters microbeads coupled to antibodies SZ1, SZ2, SZ21, SZ22 and SZ51 were incubated with platelet lysates containing platelet antigen-autoantibody complexes at room temperature for 1 h with gentle shaking. The microbeads were washed with PBS by centrifugation at 4 °C, resuspended in 0.5 mL PBS and analyzed for MFI by flow cytometry as described above (Fig. 1) . Levels of each autoantibody were calculated based on the standard curve.
To evaluate assay variation, intra-assay coefficients of variation (CVs) were determined by 20 independent measurements with same sets of lysate samples in 1 day. Inter-assay CVs were assessed by measurements with same sets of lysate samples on 20 different days. Serial dilutions of plasma samples from ITP patients and normal individuals were used to assess assay sensitivity.
Qualitative FCIA
The qualitative FCIA was performed as described previously [17] . The results were compared with those from the quantitative FCIA established in this study. For autoantibody detection, MFI values were obtained for each sample. A positive result was defined as the MFI value greater than the mean MFI value + 2 standard deviations (SD) from healthy controls.
MAIPA assay
The MAIPA assay was performed in parallel to detect platelet autoantibodies using plasma from test set 2. The assay was done as described previously [9] . In short, the platelets for healthy donors were incubated with patient plasma and washed 3 times with PBS containing 0.05% EDTA. After that the platelets were solubilized with PBS containing 1% Triton X-100. The soluble platelet lysate (100 μL) was added to 96-well plates pre-coated with individual monoclonal antibodies SZ1, SZ2, SZ21, SZ22 or SZ51. After 1 h incubation and washing by PBS containing 0.05% Tween-20, horseradish peroxidase (HRP)-conjugated GAH antibody and HRP substrate 3,3′,5,5′-tetramethylbenzidine (TMB) was added to visualize the reaction.
Statistical analysis
Statistical analysis was performed using SPSS v20.0 (Chicago, IL, USA) and and GraphPad Prism v5.0 (San Diego, CA, USA) softwares. Data are presented as mean ± SD. Fig. 1 The principle and major steps of the FCIA assay. Platelet autoantibodies in ITP patient plasma were incubated with isolated normal platelets. The platelets were washed and lysed. Autoantibody-platelet antigen complexes were captured by microbeads coated with anti-platelet glycoprotein monoclonal antibodies (in different colors). The autoantibodies bound to microbeads were analyzed by flow cytometry using a FITC-conjugated goat anti-human IgG antibody. Levels of autoantibodies were determined based on values of mean fluorescence intensity (MFI) and standard corves with exogenous human IgG Zhai et al. J Transl Med (2017) 15:214 CV value was defined as the ratio of the SD to the mean. In reproducibility studies, samples from 30 randomly selected ITP patients were used to compare CV values from quantitative and qualitative FCIA methods. Student t test and one way ANOVA test were used for two-and multiple-group comparisons, respectively. Chi square test was used to compare the sensitivity, specificity, and accuracy between quantitative and qualitative assays for ITP diagnosis. Receiver operating characteristic (ROC) curves were plotted and areas under the curves (AUC) with 95% confidence interval (CI) were calculated to evaluate the efficacy of quantitative FCIA for ITP diagnosis. p < 0.05 was considered as statistically significant.
Results
Stability of antibody-coupled microbeads
To evaluate the potential long-term use of the antibody-coupled microbeads, we tested the stability of the antibody-coupled microbeads. MFI signals for microbeads-coupled to GAH with 6 different fluorescent intensities were recorded by flow cytometry. The values were 232.1 ± 4.8, 243.3 ± 0.8, 215.6 ± 3.9, 237.4 ± 5.6, 237.4 ± 5.6, 237.1 ± 1.9, respectively. We also assessed the MFI signals from microbeads coupled to the monoclonal antibodies against human platelet glycoproteins GPIX (SZ1), GPIb (SZ2), GPIIb (SZ22), GPIIIa (SZ21) and P-selectin (SZ51). The values were 758.6 ± 7.4 (SZ1), 732.1 ± 7.5 (SZ2), 555.3 ± 4.9 (SZ21), 747.3 ± 9.1 (SZ22), and 541.4 ± 6.7 (SZ51), respectively. The experiments were repeated 150 days later. The calculated CV values were 3.9% (GAH), 2.2% (SZ1), 2.1% (SZ2), 2.9% (SZ21), 2.2% (SZ22), and 2.7% (SZ51), respectively (See Additional file 1: Figure S1 ), indicating that the antibodycoupled microbeads were stable under our experimental conditions.
Quantitative FCIA assay evaluation
We analyzed intra-and inter-assay variations of the quantitative FCIA using plasma samples from ITP patients. A representative scatter plot of six microbeads (APC fluorescence) with a series of concentration of human IgG (FITC fluorescence) was shown) (Fig. 2a) . Based on the standard curve (Fig. 2b) , intra-and interassay CVs were calculated. The intra-assay CVs and corresponding levels of autoantibodies against platelet GPIX, GPIb, GPIIIa, GPIIb and P-selectin were 2.9% and 336.1 ± 9.7 ng/mL, 3.1% and 682.3 ± 20.8 ng/mL, 4.2% and 227.4 ± 9.5 ng/mL, 5.9% and 904.1 ± 53.1 ng/ mL, 6.0% and 365.3 ± 22.0 ng/mL, respectively. The inter-assay CVs and corresponding levels of autoantibodies against platelet GPIX, GPIb, GPIIIa, GPIIb and P-selectin were 10.5% and 346.5 ± 36.3 ng/mL, 7.3% and 687.8 ± 50.2 ng/mL, 9.9% and 314.1 ± 31.1 ng/mL, 6.7% and 1062.8 ± 70.9 ng/mL, 10.3% and 396.9 ± 40.9 ng/ mL, respectively. We also compared the reproducibility of the quantitative and qualitative FCIA assays ( Table 2 ). The CV values of the quantitative FCIA assay for anti-GPIX, GPIb, GPIIIa, GPIIb and P-selectin autoantibodies were 9.4, 3.8, 5.4, 5.1 and 5.8%, respectively, whereas the CV values of qualitative FCIA assay for anti-GPIX, GPIb, GPIIIa, GPIIb and P-selectin autoantibodies were 28.9, 46.8, 36.3, 40.8 and 38.4%, respectively. The results indicate that the quantitative FCIA assay has a better reproducibility under our experimental conditions. Direct linear correlations were found between autoantibody concentration and serial dilutions in selected ITP patient samples. The r value for anti-GPIX, GPIb, GPIIIa, GPIIb and P-selectin autoantibodies was 0.98 (p < 0.001), 0.98 (p < 0.001), 0.98 (p < 0.001), 0.98 (p < 0.001) and 0.99 (p < 0.001), respectively (Fig. 2c) .
Platelet autoantibody levels in ITP patients
We used the FCIA assay to measure platelet autoantibodies in a cohort of 201 ITP (newly-diagnosed, persistent and chronic), 126 non-ITP patients and 207 healthy controls. As shown in Fig. 3 and Table 3 , increased levels of platelet autoantibodies, including anti-GPIX, GPIb, GPIIIa, GPIIb and P-selectin, were found in ITP patients compared to non-ITP patients and healthy controls (All p < 0.01). The levels of the 5 platelet autoantibodies were all higher in newly-diagnosed ITP patients compared to those in persistent or chronic ITP patients (p < 0.05). Increased levels of anti-GPIX and GPIb autoantibodies were also found in persistent ITP patients compared to those in chronic ITP patients (both p < 0.05), whereas no significant differences were found for anti-GPIIIa, GPIIb and P-selectin autoantibodies (p > 0.05). The autoantibody levels were similar in non-ITP patients and healthy controls (p > 0.05).
Sensitivity and specificity of FCIA assay for ITP diagnosis
To evaluate the sensitivity and specificity of the quantitative FCIA assay for ITP diagnosis, ROC curves were analyzed for each type of antibody-coupled microbeads. The cut-off values for platelet autoantibodies against platelet GPIX, GPIb, GPIIIa, GPIIb and P-selectin were 95.21, 139.40, 110.1, 111.09 and 122.18 ng/mL, respectively (Fig. 3 (Fig. 4) . According to the cut-off values determined by ROC analysis, the positive ratio of antibodies anti-GPIX, anti-GPIb, anti-GPIIIa, anti-GPIIb and anti-P-selectin in our study were 31 
Comparison of quantitative and qualitative FCIA assay
We performed autoantibody detection in the same set of patient samples using a qualitative FCIA assay according to previous description [17] . We compared the specificity, sensitivity and accuracy of these two methods ( Table 4) . The results were comparable for the sensitivity, specificity and accuracy between the quantitative and qualitative FCIA assays in ITP diagnosis (Table 4) .
Comparison of quantitative FCIA and MAIPA assay
Until now the ELISA-based MAIPA assay is the most well-established and specific method for platelet autoantibody detection [25] , thus we performed autoantibody detection in a new set of patient samples referred as test set 2, including 41 ITP patients, 37 non-ITP patients and 36 healthy controls (Table 1 ) using our quantitative FCIA and MAIPA methods. The specificity, sensitivity and accuracy of these two methods were assessed and showed in Table 5 . The quantitative FCIA method showed higher sensitivity when using single anti-Pselectin antibody (43.90% vs. 21.95%) or 5 antibodies combined (68.29% vs. 41.46%) than MAIPA assay (p < 0.05) ( Table 5) , whereas the specificity and accuracy of quantitative FCIA and MAIPA methods was similar (p > 0.05) ( Table 5) . 
Platelet autoantibody levels in ITP patients after treatment
The quantitative FCIA assay allowed us to monitor platelet autoantibody levels in a pilot cohort of 8 ITP patients before and after corticosteroid treatment ( Fig. 5 and Additional file 1: Table S1 ). Among the platelet autoantibodies examined, anti-GPIIb autoantibody was the most frequently detected in ITP patients (6 out of 8 patients). The frequencies for anti-GPIIIa, GPIb, GPIX and P-selectin autoantibodies were 5/8, 4/8, 3/8 and 2/8, respectively. In these patients, decreased levels of platelet autoantibodies were observed after the treatment, in which the level of anti-GPIIb antibody was significantly increased (p < 0.05) (Fig. 5) . In most of the cases (patients #1-6), the reduced levels of the platelet autoantibodies were consistent with increased platelet counts (p < 0.05) (Fig. 5) . Besides, positive for GPIX and GPIb autoantibodies but negative for GPIIb and GPIIIa autoantibodies were found in patients (#7 and #8), however, reduced autoantibody levels were not associated with increased platelet counts (Fig. 5 and Additional file 1: Table S1 ).
Discussion
ITP is a common hematological disorder. The etiology of the disease remains unclear. Autoantibodies against platelet membrane glycoproteins play an important role in causing platelet dysfunction and destruction that lead to petechiae, ecchymosis and bleeding in ITP patients [26, 27] . Platelet autoantibody assessment is important not only for distinguishing ITP from non-ITP patients with thrombocytopenia, but also for monitoring ITP patient responses to immune modulation treatment [28] . In addition, according to several most recent studies, the type and persistence of platelet autoantibodies are associated with refractoriness to rituximab or disease severity [6] [7] [8] . Thus, the detection of platelet autoantibodies may be helpful in ITP prognosis or personalized treatment, and the further studies about platelet autoantibodies detection in ITP are worthwhile.
To date, several methods have been developed to detect and characterize platelet autoantibodies in ITP patients, which include solid phase red cell adherence (SPRCA) assay [29] , platelet immunofluorescence assay [30] , antigen-capture assays such as the monoclonal antibody-specific immobilization of platelet antigen assay (MAIPA) [11] , and flow cytometric assay [31] . Amony them, the MAIPA assay is the most sensitive and widely used specific platelet antibody detection method [25] . However, due to lacking of quantitative property of this assay could result in high variations within each detection [16, 17] . To circumvent this problem, we developed a novel FCIA assay that uses multiple anti-platelet glycoprotein antibody-coupled microbeads and external human IgG standards to allow quantitative measurement of platelet autoantibodies in plasma samples from ITP patients. Since the ELISA-based MAIPA assay is the most widely used and specific platelet antibody detection method [25] , we further performed autoantibody detection in a new set of patient samples using the quantitative FCIA and MAIPA methods. The results showed that our quantitative FCIA had higher sensitivity when using single anti-P-selectin antibody (43.90% vs. 21.95%) or 5 antibodies combined (68.29% vs. 41.46%) and comparable specificity (84.93% vs. 90.41%) and accuracy (78.95% vs. 72.81%) for ITP diagnosis (Table 5) . Moreover, according to the cutoff values determined by ROC analysis, the positive ratio when using anti-GPIb/IX and anti-GPIIb/IIIa combination were 62.19% (125/201) in ITP patients and 18.25% (23/126) in non-ITPs, which were higher than 25-39% in ITP patients and 4-9% in non-ITPs detected by MAIPA assay when using anti-GPIb/IX and anti-GPIIb/IIIa combination [9, 32] . These results are consistent with previous studies [14, 15] , indicating that the FCIA-based assays have better sensitivity and accuracy than MAIPA and RIA assays in predicting ITP [9, 10, 13, 32] . The most significant improvement of this novel FCIA assay is the ability to quantify platelet autoantibodies in ITP patient plasma. We compared the levels of platelet autoantibodies in different subgroups of ITP disease. It was showed that the concentration of platelet antibodies was lower in persistent/chronic ITP compared to newly diagnosed ITP. As medical treatment history was confirmed in most of persistent and chronic patients (> 90%) ( Table 1) , it would be expected that historical treatment may account for the lower levels of platelet autoantibodies in patients with persistent/chronic ITP as reported before [19, 33, 34] .
Changes in platelet autoantibody levels provide important information in assessing patient responses to treatments and disease prognosis. In a small pilot study with 8 ITP patients, we found that 6 of them had reduced levels of autoantibodies against platelet GPIIb and/or GPIIIa after the corticosteroid treatment. The reduced levels of platelet autoantibodies were associated with increased platelet counts in these patients. In two patients (Fig. 5 , patients #7 and #8), platelet counts did not increase after the corticosteroid treatment. In these patients, no GPIIb and GPIIIa autoantibodies were detected, although reduced levels of GPIX, GPIb or P-selectin autoantibodies were observed after the treatment. This result could support the finding that platelet autoantibody specificity may associate with response to conventional treatment, such steroids [34] or intravenous immunoglobulin G [35] . It has been reported that ITP mediated by anti-GPIb/IX is less responsive to treatment [36] . At this time, it is also not clear if there were other disease mechanisms, e.g. altered T cell responses targeting platelets, involved in these two patients.
There are limitations in the present study. First, it should be mentioned that the incomplete separation of platelet glycoprotein complex, e.g. GPIIb/IIIa complex, may result in bias when using a monomer antibody in the setting of our experiment. In order to minimize the bias, optimal detergents for platelet solubilizing would be expected, such as CHAPS [37] used in our preliminary experiment (Additional file 1: Figure S3 and Table S2 ). However, due to a small sample number, we failed to get a different result with statistical significance and therefore, further investigation should be performed in a large number of samples for verification. Second, case-control study is potentially subject to differential misclassification. Misclassification reduces the ability to detect a difference between the cases and controls. There is also the possibility of bias on the Non-ITP patients because they were presented with different diseases and lack of the other immune related thrombocytopenia, such as systemic lupus erythematosus. In addition, only 8 patients with limited follow-up time were assessed with our quantitative FCIA assay, therefore further studies with more ITP patients and longer follow-up periods are important to assess platelet autoantibody levels in response to different treatments.
Conclusions
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